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Modern carbon dioxide (CO2) levels are well known from instrumental observation (just 
exceeded 415 ppmv on May 13th, 2019). CO2 levels (pCO2) in the past, however, are difficult to 
obtain, especially for geologic time older than 800 thousand years (kyr). Many proxies have been 
used to infer past CO2 levels in the geologic records, but the results are often incomplete and 
inconsistent. Here, I assess the uncertainty of a new pCO2 proxy that has great potential to 
reconstruct continuous pCO2 records across the entire Phanerozoic. This new proxy is based on 
stable carbon isotope fractionation (Δ13C) of C3 land plants because growth chamber experiments 
and field observations suggest pCO2 goes up as Δ
13C increases for pCO2 ranges from 198 to 
4200 ppm. Although this proxy has been applied widely in the Cenozoic, recent studies raise 
concerns that the Δ13C of C3 land plants can be affected by mean annual precipitation (MAP), 
plant species and mean annual temperature (MAT) in addition to pCO2. Modern C3 land plants 
reveal a positive correlation between Δ13C and MAP, as well as MAT. The effect of both MAP 
and CO2 on Δ
13C, however, is unknown, making it difficult to interpret the carbon isotope 
signals in the sedimentary records. The main objective of this work is to assess the extent to 
which the uncertainty of pCO2 reconstruction in the geological records can be reduced given 
independent knowledge of MAP and MAT. I hypothesize that if MAP is known at any given 
time in the geologic past, then pCO2 can be estimated with reduced uncertainty. This hypothesis 
is tested by accounting for changes in MAP in the Quaternary using multi-regression relationship 
obtained from large modern dataset. Least square multi-regression suggests +0.2‰ changes in 
Δ13C per 100 mm yr-1 changes in MAP while holding pCO2 constant, and -1.8‰ changes in Δ
13C 
per 100 ppm changes in pCO2 while holding MAP constant [Δ
13C = 25.1 + (0.002) * MAP - 
(0.02) * pCO2 (r
2 = 0.40, p < 0.0001)]. This study provides potential for accounting for changes 
ii 
in MAP usage of this regression equation to offer more precise pCO2 estimates in the geological 
records. The reduction in pCO2 uncertainty using this unique proxy can help better understand 
how climate will change in the future due to anthropogenic CO2 emissions. 
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1.1 CO2 and Paleoclimate 
 
It has long been recognized that the Earth’s primary climate driver is carbon dioxide 
(CO2) in the atmosphere (Royer et al., 2001; Beerling & Royer, 2011; Foster et al., 2017) (Figure. 
1 – Earth history CO2 concentration from proxies and a global temperature reconstruction). 
Temperature and precipitation are the main components of regional climate, which are controlled 
by the energy balance of the incoming solar energy and the long-wave radiation by greenhouse 
gases, in particular atmospheric CO2. Recently, atmospheric CO2 levels (partial pressure of CO2 
or pCO2) observed at Mauna Loa, Hawaii has exceeded 415 parts per million (or ppm) (Dockrill, 
2019). Moreover, the rate of CO2 emission has increased to > 9 Pg C/yr (1 Pg C = 10
15 grams of 
carbon) due to the burning of fossil fuels and the production of cement (Le Quéré et al., 2017).  
If the CO2 levels continue to rise at an accelerated rate, the global temperature increase is likely 
to go beyond 2 °C, a benchmark that the scientific community has previously viewed as a threat 
to polar ice sheet destabilization, which could further increase global sea levels (Jevrejeva et al., 
2016) and result in more frequent droughts and extreme precipitation events (Kothavala, 1997).  
The pCO2 and the tropical seawater temperature show strong coupling in the Phanerozoic 
(541 Million years ago or Ma to present) based on the reconstructions from several pCO2 proxies 
such as paleosols, liverworts, boron isotopes, alkenones, stomata, C3 land plants, among others 
(Beerling & Royer, 2011; Royer et al., 2014; Foster et al., 2017; Cui & Schubert, 2018) and 
temperature proxies such as δ18O of carbonate and phosphate, and clumped isotopes (Henke et 
al., 2017). This allows for a clearer picture of CO2-driving temperature change to emerge, but the 
details of the CO2-variations are controversial due to the varying sampling resolution of different 
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proxies and the unknown physiology in many extinct species (Royer et al., 2001). In addition, 
some CO2 proxy data are associated with large uncertainties, often unquantified in the geological 
records (Breecker, 2013; Cotton & Sheldon, 2012). This led to the idea of applying a uniform, 
well-calibrated (uncertainty quantified) proxy to be used systematically in the fossil records 
(Breecker, 2013; Pagani, 2014; Cui & Schubert, 2016). C3 land plant carbon isotope proxy is a 
novel approach to reconstruct atmospheric pCO2 using stable carbon isotope fractionation as 
detailed below. This study seeks to refine the C3 land plant carbon isotope proxy by accounting 
for environmental variabilities in the geologic records to better understand the paleoclimate in 
the Phanerozoic. The main goal is to assess environmental controls, in particular mean annual 
precipitation and atmospheric pCO2 on carbon isotope fractionation of C3 land plants. 
 
1.2 Stable Carbon Isotopes of C3 Land Plants 
 
The stable carbon isotopes of land plants (δ13C) have been widely measured in 
sedimentary organic matter as a proxy for past environmental changes (Nordt et al., 2016; 
Castaños et al., 2014; Coltrain et al., 2004; Fox-Dobbs et al., 2008; Raghavan et al., 2014). δ13C 













× 1000 (Equation 1) 
Where 12C and 13C are the two stable isotopes of carbon, sample represents the samples 
measured, and standard denotes the international standard Vienna Pee Dee Belemnite (VPDB).   
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Carbon isotopic fractionation [Δ13C = a + (b-a)  Ci/Ca] takes place during CO2 diffusion 
(a = 4.4‰) and carboxylation by Rubisco (ribulose 1,5-bisphosphate carboxylase/oxygenase) (b 
= 26 to 30‰) because kinetics allows for the preferential uptake of the 12C (Schubert & Jahren, 
2018; Farquhar et al., 1989) (Ci/Ca is the ratio of intercellular and ambient partial pressure of 
CO2).   
About 85% of the land plants species in the Earth’s surface are C3 land plants, whose 
initial photosynthetic carbon assimilation product is 3-phosphoglycerate (C3H7O7P), in contrast 
to the malic acid (C4H6O5) produced by C4 photosynthesis. C3 land plants prefer cooler growing 
temperatures (Winslow et al., 2003) and play an important role in the carbon cycle for the 
majority of the Earth’s history since the rise of vascular plants (Arens et al., 2000). Through 
photosynthesis, C3 terrestrial plants show a wide range of δ
13C values from -37 to -20‰ (Kohn, 
2010). C3 plants are more widely used in paleoclimate reconstruction because C4 plants may 
have not evolved until the Miocene (Osborne, 2008; Sage, 2004), and are often associated with 
lower pCO2 levels and higher water efficiency (Sage, 2004; O'Leary, 1988). The Δ
13C of C3 land 
plants are partly controlled by stomatal conductance or photosynthetic rate (Farquhar & Sharkey, 
1982). Recently, Schubert and Jahren (2018) suggested that the Δ13C can change without varying 
either photosynthetic rate or stomatal conductance, rather it is dependent on pCO2 and carbon 
isotope discrimination during photorespiration (9.1 to 22‰) while maintaining a constant CO2 
compensation point at 40 ppm.  
Previous studies have attempted to demonstrate that pCO2 is a main control on Δ
13C 
(Hare et al., 2018; Schubert & Jahren, 2012, 2015, 2018; Cui & Schubert, 2016, 2017, 2018). 
Schubert and Jahren (2012) collected C3 plant data from plant growth chambers across fifteen 
pCO2 levels to further demonstrate the relationship between Δ
13C and pCO2 can be described as 
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a hyperbolic function. In a follow-up study, Schubert and Jahren (2013) show that background 
and maximum pCO2 levels can be reconstructed from change in pCO2 concentrations using both 
terrestrial and marine records. They then used the differences in marine and terrestrial CIE for 
the reconstruction of pCO2 across the Paleocene–Eocene Thermal Maximum (PETM) (Schubert 
& Jahren, 2013). Later, Schubert and Jahren (2015) reconstructed pCO2 levels for the past 30 kyr 
that show good agreement with the ice core records using a global compilation of Δ13C data from 
terrestrial organic matter. Additionally, Cui and Schubert (2016) assessed the uncertainty of 
Schubert and Jahren’s (2012, 2013) methods of pCO2 reconstruction using Δ
13C using a Monte 
Carlo uncertainty propagation approach and sensitivity analysis. 
Furthermore, studies have shown that mean annual precipitation (MAP) affect the δ13C of 
C3 land plants on both global and regional scale (Diefendorf et al., 2010; Kohn, 2010; Basu et al, 
2019). Diefendorf et al. (2010) compiled a large dataset of Δ13C (n = 506) and analyzed the 
various environmental controls on Δ13C, including MAP, MAT, altitude, latitude and plant 
functional types. A strong positive correlation between Δ13C and MAP was shown (r2 = 0.56; 
Diefendorf et al. 2010). Likewise, Kohn (2010) proved an apparent positive relationship between 
MAP and Δ13C (r2 = 0.48, p value < 0.05). Additionally, Basu et al. (2019) extended the number 
of data and analyzed the correlation between MAP and Δ13C (r2 = 0.36, p value < 0.05). Despite 
these efforts to relate pCO2 to Δ
13C and MAP to Δ13C, no study has been done to systematically 
investigate the relationship between Δ13C and both MAP and pCO2. 
Previous studies have limitations in small numbers of samples or focusing too narrowly 
on specific locations. Here, we report a large compilation based on previous studies of Kohn 
(2010, 2016), Diefendorf et al. (2010), and Basu et al. (2019) to regress Δ13C and both MAP and 
pCO2 globally and regionally in order to understand the controls of MAP and pCO2 in stable 
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carbon isotope fractionation of the C3 land plants. This study compiles a larger dataset and 
accounts for changes in both MAP and pCO2 in all continents across the globe. The statistically 
significant relationship between Δ13C and both MAP and pCO2 was applied to the geologic past 
when MAP is well known from sedimentary records, to reconstruct atmospheric pCO2 values. 
We find that the reconstructed pCO2 is broadly consistent with the ice-core records, and that it is 
promising to reconstruct MAP with reasonable accuracy and precision if MAP is known at any 




2.1 Data Collection 
 
The methods discussed below were employed to analyze global carbon isotope data to 
assess the effects of both MAP and pCO2 on C3 land plant carbon isotope fractionation. 
Extensive literature reviews on carbon isotope fractionations have been conducted similar to 
studies by Kohn (2010); Diefendorf et al. (2010); Cui and Schubert (2016); Hare et al. (2018); 
Basu et al. (2019). Previous studies were found to have limitations concerning small numbers of 
samples or focusing too narrowly on specific locations. Most of these studies showed a 
significant relationship between carbon isotope fractionation and at least one environmental 
factor or variable. This study seeks to compile a larger dataset to establish statistically significant 







In previous studies by Basu et al. (2019), Diefendorf et al. (2010), and Kohn (2010), 
carbon isotope values were found to be affected by several environmental factors such as mean 
annual precipitation (MAP), mean annual temperature (MAT) and latitude, among which MAP 
experts the strongest control on carbon isotope fractionation (Δ13C). However, those published 
papers did not systematically consider atmospheric pCO2, an important environmental factor that 
affects global climate over geologic time. In this study, carbon isotope values of C3 land plants 
were extracted from the dataset by Basu et al. (2019) along with the addition of a recently 
published paper (e.g., Ale et al., 2018). Latitude, longitude, MAP, altitude and MAT data were 
obtained from National Oceanic and Atmospheric Administration (NOAA) and Google Earth. 
Plant functional types of this large dataset were distinguished by assigning gymnosperm and 
angiosperm to individual plants in order to understand the influence of changes in plant species 
on Δ13C. The C3 land plants δ
13C data were from year 1980 to 2018 (n = 686) and include sites 
from Asia, Australia, Europe, Africa and America. pCO2 values were from the Mauna Loa 
observatory CO2 annual mean data were used as independent values according to the publication 
years of the papers. All of the δ13C values of long-chain n-alkanes were added 5‰ to account for 





A total of 1188 carbon isotope values of herbivores from 2.58 million years ago 
(Quaternary) were assembled and used as proxies for δ13C of C3 land plants based on the animals’ 
diet in an ecosystem. The substrates of fossil animals were bone collagen and tooth enamel. For 
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bone collagen samples, the δ13C values of C3 land plants was calculated by subtracting 5‰ from 
the δ13C of bone collagen (Froehle et al., 2010; Kohn, 2016). For substrates using tooth enamel, 
animal species were sorted based on the two major groups of living hoofed mammals (e.g., 
artiodactyls vs. perissodactyls). Artiodactyls have even numbers of toes, such as cattle, pigs, 
rabbits and voles, while perissodactyls have odd numbers of toes (e.g. horses, rhinos, and tapirs). 
Fractionation of 14‰ for perissodactyls and 14.5‰ for artiodactyls were used to calculate the 
δ13C values of C3 land plants from tooth enamel (Cerling and Harris, 1999; Kohn et al., 2015; 
Passey et al., 2005; Kohn, 2016) (Table 1). In occasions when long-chain n-alkane δ13C values 
are available, the δ13C values of C3 land plants are assumed to be 5 ‰ higher than the δ
13C 
values of long-chain n-alkane. 
δ13Catm values for the modern were from NOAA observations at Mauna Loa (Tans & 
Keeling, 2012). δ13Catm values for the Quaternary came from Tipple et al. (2010) and were used 
to calculate the Δ13C [Δ13C = (δ13Catm – δ
13Corg) / (1+ δ
13Corg/1000)]. The pCO2 values of the 
Quaternary were from the ice core records (Lüthi, 2008) and those compiled by Foster et al. 
(2017).  
 
2.2 Data Visualization in R  
  
R programming language (R Core Team, 2018) was used for spatial data visualization 
using global informational system with known latitudes and longitudes. These maps include 
spatial distribution of MAP, compiled δ13C value of C3 land plants, and the computed Δ
13C from 
year 1980 to 2018 (Figs. 2-4), and through the Quaternary (Figs. 6-7 and 10-11). R function 
“Tidyverse” was used to organize the data and packages used to plot the data were ggplot2 
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(Hadley et al., 2018), and ggmap (Kahle & Wickham, 2013), plotbiomes, tidyverse. Compiled 
data for ‘Modern’ (n = 686) and the ‘Quaternary’ (n = 1188) periods were processed and 
analyzed in R and JMP software. 
 
2.3 Multiple-regression Analysis  
 
The statistical software JMP was used for multiple-regression analysis in order to 
understand the MAP and pCO2 effects on C3 land plant carbon isotope fractionation. Prior to 
multi-regression analysis, all of the compiled modern data (n = 686) were used to perform linear 
regressions for MAP vs. Δ13C, altitude vs. Δ13C, MAT vs. Δ13C and pCO2 vs. Δ
13C. The 
statistical significance was evaluated through the p-values and the correlation coefficient (r2). All 




3.1 Modern Compilation and Data Visualization of Stable isotopes of C3 Plants 
 
 
A total of 686 data points of modern C3 land plants from the published literature were 
assembled across latitudes from 55 oN and 70 oS, and longitudes from 156 oW to 154 oE as 
shown in Figures 2, 3 and 4. The δ13C values of the C3 land plants range from -32‰ to -22‰ 
with an average value of -26.7‰ and a median value of -26.6 ‰ (Fig. 1). Fig. 1 represents the 




Figure 1. Histogram of modern carbon isotope values (n = 686) 
Global distribution of δ13C values of C3 land plants, MAP, and ∆
13C records of the 
modern dataset (year 1980 to 2018) are shown in Figures 2, 3 and 4, which provide data 
visualization and spatial correlations between environmental controls and ∆13C on all continents. 
The global δ13C dataset show a significant gap in high latitudes and tropical regions (Fig. 2). 
MAP ranges from 1 mm to 4000 mm, with the highest values seen in tropical and coastal regions 
such as Japan, Indonesia and Cameroon. In continental and mid-latitude interiors, MAP values 
are lower than other areas (Fig. 3). ∆13C values range from 14‰ to 25‰ and show similar 




Figure 2. Spatial distribution of modern δ13C from 1980 to the present (‰) 
 






Figure 4. Spatial distribution of modern carbon isotope fractionation (∆13C) from 1980 to the present 
 
3.2 Quaternary δ13C of C3 Land Plants 
 
A total of 1188 δ13C values of bone collagen, tooth enamel and sedimentary organic 
matter of Quaternary age were compiled from literature to infer the δ13C values of C3 land plants. 
These records span latitudes from 37 oN and 76 oS, and longitudes from 150 oW to 172 oE as 
shown in Fig. 5. The δ13C values of the C3 land plants range from -31.7‰ to -19.0‰ with an 
average value of -25.6‰ (Fig. 5 and Table 3), similar to the modern mean with a slightly wider 
range.  Likewise, after accounting for changes in δ13C of atmospheric CO2 in the Quaternary, the 
∆13C values range from 12.8‰ to 26.7‰, slightly wider than the modern range (12 to 25‰). 
 
Table 1. Animal species, material and the fractionation factor used in the Quaternary (0-2.58 Ma)  





analyzed for δ13C 
Fractionation 
factor (‰)  
Gigantopithecus blacki Prehistoric 
apes 
Mixed diet Tooth Enamel 5 
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Bison Buffalo Grazers Tooth Enamel 14.5 
Ovibos moschatus Musk ox Grazers Bone collagen 5 
Tapirus Tapir Browsers Tooth Enamel 14 
Teleoceras Rhinos Browsers Tooth Enamel 14 
Tayassudae Peccary Browsers Tooth Enamel 14.5 




Both Tooth Enamel 14.5 
Equus Horses Grazers Tooth Enamel 14.5 
Rupicapra Goat-antelope Browsers Tooth Enamel 14.5 
Lama/Vicugna  Camel Browsers Bone collagen 5 
Pongo Orangutan Browsers Tooth Enamel 14 
Bibos/Bos Oxen Grazers Tooth Enamel 14 
Cerf/Cervus/Capreolus
/Megaloceros 
Deer Browsers Bone collagen 5 
Dama Fallow deer Browsers Tooth Enamel 14.5 
Vulpes Red fox Grazers Tooth Enamel 14.5 
Capra  Iberian ibex Both Tooth Enamel 14.5 
Palaeoloxodon Elephant Both Bone collagen 5 
Hemitragus Wild goat Browsers Tooth Enamel 14.5 





Figure 5. Histogram of the Quaternary δ13C values of C3 land plants (n = 1188) 
 
The δ13C and ∆13C values of C3 land plants of the Quaternary (2.58 million years ago to 
the present) are shown in Figs. 6 and 7. The Quaternary δ13C dataset are limited to smaller area, 
mostly in the northern hemisphere. Unfortunately, there is no Quaternary δ13C data in Africa and 




Figure 6. Spatial distribution of δ13C of C3 land plants in the Quaternary (‰) 
 
Figure 7. Spatial distribution of carbon isotope fractionation (Δ13C) between C3 land plants and 
atmospheric CO2 in the Quaternary (‰) 
 




To understand the environmental controls on carbon isotope fractionation, linear 
regression and multiple-regression were used to evaluate the role of MAP, atmospheric pCO2, 
latitude, altitude, and MAT. The highest correlation coefficient is between Δ13C and MAP (r2 = 
0.39, n = 686), followed by Log 10(MAP) (r
2
-= 0.3, n = 686), MAT (r
2 = 0.15, n = 684), pCO2 (r
2 
= 0.08, n = 684), altitude (r2 = 0.07, n = 562), and latitude (r2 = 0.04, n = 686) (Table 2). 




R2 Intercept Slope p-value Numbers 
of data 
MAP 0.39 17.91 0.002 <0.0001 686 
Log10(MAP) 0.30 12.65 2.46 <0.0001 686 
MAT 0.15 18.54 0.07 <0.0001 684 
pCO2 0.08 33.73 -0.04 <0.0001 684 
Altitude 0.07 19.88  -0.0003 <0.0001 562 
Latitude 0.14 19.38 -0.012 <0.0001 686 
 
Multi-regression analysis shows that the spatial relationship between the carbon isotopes 
of C3 land plants and the MAP is well represented by a negative correlation (r
2 = 0.36; slope = -
0.002, intercept = -25.6). A logarithmic MAP shows weaker correlation compared to linear MAP, 
contrasting the results of Diefendorf et al. (2010), Kohn (2010) and Basu et al. (2019). As Fig. 3 
shows, in environments that are characterized by MAP lower than 1000 mm yr-1 (e.g., 
subtropical deserts and temperature grassland/desert), it is expected that the ∆13C should increase 
as MAP goes up, at a rate faster than in wetter environment such as the tropical rainforest. In the 
studied range of pCO2 (320 to 410 ppm), there is a weak but significant negative relationship 
between ∆13C and pCO2 (r
2 = 0.08, slope = -0.038, intercept = 33.73). The MAT also shows 
strong positive relationship with ∆13C (r2 = 0.15), consistent with research that sampled plants 
along a 400 mm yr-1 MAP isoline (Wang et al., 2013).  
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Figure 8. Linear regression from the total number of datasets between carbon isotope fractionation (∆13C) 
vs MAP (Left), and carbon isotope fractionation (∆13C) vs pCO2 (Right) 
 Most of the modern plants in this study are angiosperms (n = 600), with a small amount 
of gymnosperm (n = 20) and a mixture of both angiosperm and gymnosperm (n = 66). Typically, 
the δ13C values of angiosperms are slightly more depleted than gymnosperms, likely due to their 
different isotopic fractionation processes (Diefendorf & Freimuth, 2017). Such difference is also 
observed in our dataset, with angiosperm being ~1‰ more depleted than gymnosperm in the 




Figure 9. Carbon isotope fractionation values based on plant types 
 
Table 3. Summary statistics of carbon isotope fractionation values for plant types 
Plant type Count Mean Sd Median IQR 
Angiosperm 600 19.2 1.83 19.2 2.34 
Gymnosperm 20 20.1 1.11 20.1 0.973 
Mixed 66 19.3 1.55 19.4 1.85 
 
Multi-regression analysis suggests that while holding global MAP constant, pCO2 exerts 
a negative control on Δ13C (Eq. 2). 
Δ13C = 25.1 + (0.002) * MAP (mm yr-1) - (0.018) * pCO2 (n = 686, r2 = 0.40, p value < 0.001) 
(Equation 2)  
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Adding atmospheric pCO2 in the linear MAP regression improved the r
2 from 0.36 to 0.4 
(Eq. 2) and both MAP and pCO2 showed statistical significance. This improvement in the 
correlation coefficient may allow for more accurate and precise reconstruction of atmospheric 
pCO2 if MAP is known independently. It is, however, possible that regional MAP may play a 
more important role in controlling the Δ13C as suggested by Basu et al. (2019). To test this idea, 
multi-regression at each continent was performed to evaluate region-specific relationship 
between two key variables, MAP and atmospheric pCO2. Interestingly, Asia is the only continent 
that shows strong statistically significant correlation between Δ13C, MAP and atmospheric pCO2 
(r2 = 0.22, p value < 0.01)  
Table 4. Multi-regression in each continent 













Africa 0.64 18.28 0.002 -7.61e-
5 
<0.01 1 35 
Asia 0.22 26.26 0.002 -0.02 <0.01 <0.01 389 
Europe 0.12 23.56 0.001 -0.01 0.5 0.02 81 
North 
America 
0.4 14.76 0.002 0.008 <0.01 0.6 47 
Oceania 0.42 10.32 0.002 0.02 <0.01 0.09 121 
Latitude 0.55 -10.79 0.002 0.08 0.02 0.35 11 
 
Using the multi-regression equation developed in this study (Eq. 2), pCO2 is 
reconstructed for the Quaternary Period. The sites used to reconstruct pCO2 are across latitudes 
from 30 oN and 80 oN, and longitudes from 80 oW to 160 oE (Fig. 12). The reconstructed pCO2 






Figure 10. Spatial distribution of the reconstructed atmospheric pCO2 for the Quaternary at times when 
sedimentary carbon isotope data are available 
Because of the good agreement between the ice core records and our reconstructed 
atmospheric pCO2, it is possible that MAP can be reconstructed at any time in the geological past 
if atmospheric pCO2 is independently known with accountable uncertainty. To test this 
hypothesis, we calculated MAP across latitudes from 0 oN and 80 oN (data only available in the 
northern hemisphere), and across longitudes from 0 oE to 160 oE. The reconstructed MAP values 
range from 0 to 4000 mm yr-1, broadly consistent with MAP from independent evidence from 
flora records (Figure 13). The difference between the median of the reconstructed MAP and the 








4.1 Climatic Controls on Stable Carbon Isotope Fractionation of Modern C3 Land Plants  
 
Stable carbon isotope fractionation (Δ13C) of C3 land plant is known to be affected by 
several climatic variables, including MAP, MAT, pCO2, latitude, and altitude (Kohn, 2010; 
Diefendorf et al., 2010; Schubert & Jahren 2012; Basu et al., 2019; Wang et al., 2013). The 
correlation coefficient of multi-regression on the effects of MAP, MAT, latitude, altitude and 
pCO2 show a higher value (r
2 = 0.39 vs. 0.37) compared to Basu et al. (2019), but slightly lower 
(r2 = 0.39) compared to those reported in Diefendorf et al. (2010) (r2 = 0.52) and Kohn (2010) (r2 
= 0.4). Such difference is likely because we treat the δ13C data from a single site as ecosystem 




Figure 12. Global MAP and MAT of the modern Δ13C dataset separated by biome types defined by 
Ricklefs (2008) 
Fig. 12 represents the Whittaker biome distribution of the modern dataset based on their 
MAP and MAT values. The modern dataset includes all biomes (boreal forest, subtropical desert, 
temperate grassland/desert, temperate seasonal forest, tropical rain forest, tropical seasonal 
forest/savanna, and woodland/shrubland) except for tundra and temperate rainforest (Fig. 12). 
The lack of data in tundra, temperate rain forest, and tropical rain forest environment is because 
most of the plants from the modern dataset are angiosperms (n = 600) which do not grow in these 
environments. A majority of the data (>85%) are associated with low MAP values (less than 
1000 mm yr-1), suggesting the regression established using this dataset may have been biased 
(Fig. 13). 
 





Several studies have investigated the effects of MAP on Δ13C (Kohn, 2010; Diefendorf et 
al., 2010; Diefendorf & Freimuth, 2017; Basu et al, 2019). Strong positive correlation between 
Δ13C and MAP is found in all previous studies and this study (Fig. 13). These studies show that 
for MAP lower than 1000 mm yr-1, rate of change in ∆13C is faster compared to MAP higher than 
1000 mm yr-1, suggesting the sensitivity of MAP effects becomes smaller in wet regions. This 
pattern is best explained by the relationship of carbon fixation to water-use efficiency. 
Limitations in stomata structure result in decreasing plant performance with increasing water 
availability (Zhang et al., 2019).  
In addition to the MAP effects on Δ13C, atmospheric pCO2 has also been regarded as a 
significant controlling factor on Δ13C based on growth chamber experiments and field 
observations (Schubert & Jahren, 2012, 2015; Cui & Schubert 2016, 2017, 2018; Dal Corso et al., 
2017; Hare et al., 2018; Basu et al., 2019). Schubert and Jahren (2012) showed that Δ13C respond 
as a hyperbolic function as pCO2 increases from experimental C3 plant carbon isotope data 
collected from plants grown in chambers across fifteen pCO2 conditions. They also showed that 
reconstructed pCO2 levels of the past 30 kyr from Δ
13C data agree with the ice core data 
(Schubert & Jahren, 2015). Porter et al. (2019) combined Schubert and Jahren (2012)’s study 
with a mechanistical model using stomatal anatomy measurements to confirm that pCO2 can be 
accurately estimated using these methods. 
Few studies, however, have attempted to understand the joint effects of MAP and pCO2 
on Δ13C. Kohn (2016) developed a multi-regression that accounts for both MAP and pCO2, but 
found that the effect of pCO2 on Δ
13C is negative but insignificant (Eq. 3; p > 0.026).   
Δ13C = 6.35 – 1.80e-4 × Elevation (m) + 5.84 × log (MAP–300, mm yr-1) + 0.014 × Abs (latitude, 
o) – 0.012 × pCO2 (Equation 3) 
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In contrast to the finding of the insignificant effect of pCO2 on Δ
13C of Kohn (2016), we 
find that the small negative relationship between pCO2 and Δ
13C is statistically significant. This 
negative correlation between pCO2 and Δ
13C for the pCO2 range studied (380 to 410 ppm) is 
inconsistent with the general hyperbolic relationship established by Schubert and Jahren (2012) 
for pCO2 from 280 to 4000 ppm. This can be explained by the experimental work by Zhang et al. 
(2018) who demonstrated a large negative effect (1.5‰ decrease in Δ13C per 100 ppm increases 
in pCO2 for n-C29 alkane and 0.6‰ decrease in Δ
13C per 100 ppm increases in pCO2 for 
cellulose) using winter wheat (Triticum aestivum) that grown under 170 to 400 ppm pCO2. The 
negative pCO2 effects on carbon isotope fractionation is suggested to be due to higher stomatal 
conductance (gs) which may have driven increases in carbon isotope fractionation under low CO2 
conditions (Zhang et al., 2018; Franks and Beerling, 2009). These studies suggest that the 
relationship between pCO2 and Δ
13C may have been U-shaped for pCO2 ranging from 170 to 
4000 ppm, and yet to be confirmed by further experimental studies that span a wider range of 
pCO2 conditions. Despite these limitations, our multi-regression curve reveals a statistically 
significant relationship between pCO2 and Δ
13C after accounting for changes in MAP and other 
environmental factors, offering important potentials for more precise reconstruction in 




Figure 13. Comparison of the relationship between carbon isotope fractionation and MAP 
 
4.3 Quaternary atmospheric CO2 levels  
 
Ice-core records provide atmospheric pCO2 for the last 800,000 years. In addition, a 
number of proxies exist to infer past pCO2 records in the Quaternary. These widely used proxies 
include leaf stomata index, boron isotopes and alkenone extracted from phytoplankton (Foster et 
al., 2017; Beering et al., 2009). Our newly calculated pCO2 based on Quaternary sedimentary 
records (bone collagen, tooth enamel and fossil organic matter) is compared with the pCO2 from 
ice-core records (Lüthi, 2008) and proxies as reported in Foster et al. (2017) (Fig. 14). The 
degree to which the accuracy of this approach to reconstruct atmospheric pCO2 can be assessed 
using a subset of compiled Quaternary data where MAP can be accounted for before the pCO2 
effects can be applied. We note that the reconstructed CO2 values are broadly consistent with the 
ice core pCO2 records, and the difference between median of ice core records and the median 
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pCO2 estimates is less than 220 ppm across all values for a given time. Such a difference is 
expected because the reconstructed pCO2 records are calculated from a global composite across 
a range of modern timescale that is not specific to the Quaternary time period.   
CO2 has risen rapidly in recent years through fossil fuel exploitation following the 
industrial revolution (Le Quéré et al., 2017).  pCO2 fluctuates between 180 and 280 ppm within a 
series of glacial and inter-glacial cycles in the Quaternary (Olago et al., 1999; Sheldon, 2006). 
Large uncertainties exist for several proxies to reconstruct CO2 in the past, begging for urgent 
need to refine the proxy approach to reduce uncertainty and improve accuracy and precision of 
the reconstructed pCO2. The Quaternary has rich dataset in Δ
13C from sedimentary organic 
matter, regional temperature and precipitation as well as atmospheric pCO2 in the last 800 kyr. 
As is shown in Fig. 14, spikes in the highest CO2 concentrations often coincide with interglacial 
events, while lowest CO2 concentrations precedes the onset of glaciation. These geologically 
abrupt changes in pCO2 are predominantly controlled by Milankovitch cycles, which are related 
to the Earth’s tilt or orbit. The climate response to such CO2 forcing is that some greenhouse 
gases, most notably atmospheric CO2 can amplify the fluctuations in global temperature (Hansen 









This is the first study to understand the joint effects of MAP and pCO2 on carbon isotope 
fractionation of C3 land plants (Δ
13C) in modern environment and the first application of such 
effect to reconstruct atmospheric pCO2 in the Quaternary (2.58 Ma to present). The results reveal 
a statistically significant positive correlation between MAP and Δ13C (slope = 0.002, r2 = 0.39) 
and a negative correlation between pCO2 and Δ
13C (slope = -0.04, r2 = 0.08), which provides 
evidence for accounting for changes in MAP in order to reconstruct more precise and accurate 
pCO2 in the geologic past. This new approach is founded on the long observation that Δ
13C of C3 
27 
 
land plants is affected by stomatal conductance, which is related to changes in water availability 
or MAP in the growing environments and that the Δ13C is also affected by atmospheric pCO2, 
although the direction of such effects can be both positive and negative, depending on the range 
of studied pCO2.The degree to which the uncertainty of pCO2 reconstruction can be improved is 
assessed by using a subset of fossil Δ13C data with known MAP, using a multi-regression 
relationship developed from a large modern dataset. We note that the empirical relationship 
better accounts for the changes in MAP before a pCO2 effect is applied, and the reconstructed 
Quaternary pCO2 is broadly consistent with the ice-core and proxy records.  
Future research is needed to show how much uncertainty can be reduced by accounting 
for changes in MAP can in order to obtain more precise and accurate pCO2 estimates in 
geological records. Our results suggest that pCO2 can be more reliably estimated based on 
empirical relationship between MAP, pCO2, and Δ
13C. Understanding past changes in pCO2 with 
reduced uncertainty can help understand the effects of anthropogenic CO2 emissions in future 
climate change. Furthermore, the multi-regression equation used in this study may provide 
insight to analyze other geologic time periods as well by using available MAP records in order to 



































Langtang Nepal 28.07391 85.42537 443 -27.99 -32.99 -8.7 19.84547
484 




Langtang Nepal 28.07391 85.42537 443 -26.32 -31.32 -8.7 18.09629
447 




Langtang Nepal 28.07727 85.42234 469 -27.59 -32.59 -8.7 19.42596
23 




Langtang Nepal 28.07727 85.42234 469 -27.51 -32.51 -8.7 19.34210
12 




Manang Nepal 28.66616 84.49606 383 -28.56 -33.56 -8.7 20.44387
713 




Langtang Nepal 28.0817 85.41974 469 -28.37 -33.37 -8.7 20.24433
169 




Langtang Nepal 28.0817 85.41974 469 -27.36 -32.36 -8.7 19.18489
883 




Manang Nepal 28.66676 84.4947 378 -27.75 -32.75 -8.7 19.59372
589 




Langtang Nepal 28.08184 85.41885 469 -28.01 -33.01 -8.7 19.86645
953 




Langtang Nepal 28.08184 85.41885 469 -27.21 -32.21 -8.7 19.02774
494 




Manang Nepal 28.66644 84.49345 383 -28.39 -33.39 -8.7 20.26533
28 




Manang Nepal 28.66489 84.49214 383 -28.53 -33.53 -8.7 20.41236
477 




Manang Nepal 28.66489 84.49214 383 -27.99 -32.99 -8.7 19.84547
484 




Langtang Nepal 28.08405 85.41505 447 -28.97 -33.97 -8.7 20.87474
125 






Langtang Nepal 28.08405 85.41505 447 -26.69 -31.69 -8.7 18.48331
981 




Manang Nepal 28.6632 84.48971 378 -27.41 -32.41 -8.7 19.23729
423 




Manang Nepal 28.66179 84.48653 378 -27.62 -32.62 -8.7 19.45741
377 




Langtang Nepal 28.08388 85.39813 494 -28.32 -33.32 -8.7 20.19183
27 




Langtang Nepal 28.08388 85.39813 494 -28.99 -33.99 -8.7 20.89576
832 




Manang Nepal 28.66059 84.48274 376 -27.86 -32.86 -8.7 19.70909
54 




Manang Nepal 28.66059 84.48274 376 -26.55 -31.55 -8.7 18.33684
319 




Manang Nepal 28.6597 84.48071 378 -26.91 -31.91 -8.7 18.71358
251 




Manang Nepal 28.65714 84.47568 378 -27.64 -32.64 -8.7 19.47838
249 




Manang Nepal 28.65945 84.4799 376 -27.054 -32.054 -8.7 18.86435
63 




Manang Nepal 28.65714 84.47568 378 -28.25 -33.25 -8.7 20.11834
32 




Manang Nepal 28.65635 84.47545 378 -28.28 -33.28 -8.7 20.14983
74 




Langtang Nepal 28.09134 85.3823 605 -28.99 -33.99 -8.7 20.89576
832 




Langtang Nepal 28.09255 85.38042 587 -29.17 -34.17 -8.7 21.08505
094 




Alice USA 27.7 -98.2 680 -26.7 -31.7 -8.13 19.07942
053 






India 22.3 87.3 1400 -30.4 -35.4 -8.2 22.89603
96 




Kanpur India 26.4 80.3 1000 -28.9 -33.9 -8.2 21.31603
336 




Mohanpur India 23.8 88.5 1250 -29.6 -34.6 -8.2 22.05276
175 










2129 -30.3 -35.3 -7.954 23.04424
049 
11.9 30 371.14 Gymnosp
erm 
















1892 -28.75 -33.75 -7.954 21.41158
301 


































4.8 600 362.61 Mixed 
Buchma




-53 2200 -28.6 -33.6 -7.84 21.37121
68 
25.3 40 362.61 Angiospe
rm 
Buchma
nn et al., 
1997b 
Kamas USA 40.57 -111.33 224.14 -27.19 -32.19 -7.84 19.89083
171 
18 2400 362.61 Mixed 
Buchma







600.24 -27.87 -32.87 -7.84 20.60424
017 
18 1700 362.61 Mixed 
Buchma
nn et al., 
1997b 
Hanna USA 40.65 -110.9 979.5 -27.28 -32.28 -7.84 19.98519
615 









-54.55 -68 500 -28.8 -33.8 -7.931 21.48785
008 













-67.45 330 -25.4 -30.4 -7.931 17.92427
663 










-53.55 -68.15 380 -26.5 -31.5 -7.885 19.12172
573 










-53.55 -68.15 380 -27.7 -32.7 -7.908 20.35585
725 
6.9 150 366.7 Angiospe
rm 



























Subd. D Canada -
54.88333
333 
-67.3 600 -27.25 -32.25 -7.586 20.21485
479 






Subd. D Canada -
54.88333
333 
-67.3 600 -27.85 -32.85 -7.632 20.79720
208 








Kenya -1.4 37 750 -28.85 -33.85 -7.954 21.51675
848 








Kenya 0.3 36.9 465 -27.1 -32.1 -7.931 19.70294
994 








Kenya 0.55 37.6 630 -28.24 -33.24 -7.586 21.25421
915 
























Kenya 3.5 36 200 -27.1 -32.1 -7.931 19.70294
994 





Ituri Congo 1.35 28.58333
333 
1700 -29 -34 -7.954 21.67456
231 




Toksun China 43.17 87.83 650 -26.5 -31.5 -8.05 18.95223
421 






Jinta China 40 98.9 1250 -26.9 -31.9 -8.05 19.37108
211 
8 1250 371.14 Angiospe
rm 
Chevilla
t et al., 
2005 













Tokyo Japan 35.6895 139.6917 1369 -30.3 -35.3 -8.07 22.92461
586 

























663 -26.7 -31.7 -7.84 19.37737
594 









728 -27.7 -32.7 -7.84 20.42579
451 









1129 -27.25 -32.25 -7.84 19.95373
94 









1134 -27.9 -32.9 -7.84 20.63573
706 





















































Reno USA 39.38 -119.72 255 -23.456 -28.456 -7.7 16.13444
965 










Reno USA 39.55 -119.88 262 -23.54 -28.54 -7.7 16.22186
265 




Zeandale USA 39.05 -96.35 835 -27.5 -32.5 -8.5 19.53727
506 
























USA 42.9 -107.6 286 -25 -30 -8.2 17.23076
923 








USA 43.98 -106.7 321.4 -27.4 -32.4 -8.2 19.74090
068 







USA 40.79 -77.8599 1001 -28.5 -33.5 -8.2 20.89552
239 





Panama USA 9.3 -79.9 328 -28.7 -33.7 -8.2 21.10573
458 




Ibadan  Nigeria 7.5 3.9 1278 -28.2 -33.2 -8.02 20.76558
963 




Nunn USA 40.85 -
104.7166
667 
321 -27.95 -32.95 -7.88 20.64708
606 













580 -27.23 -32.23 -7.72 20.05612
838 






China 29.5793 115.9942 2112 -28.3 -33.3 -8.5 20.37665
946 





China 29.5793 115.9942 1429 -27 -32 -8.5 19.01336
074 
16.2 219 396.52 Mixed 
Dungait 
et al., 
Yarnton UK 51.775 -1.2875 644 -29.04 -34.04 -7.99 21.67957
485 














175 -26.1 -31.1 -7.68 18.91364
616 
23.4 657 349.19 Angiospe
rm 
Ehlering
er et al., 
1987 
Gaoyao China 23.13 112.5833
333 
1927 -30.19 -35.19 -7.66 23.23135
46 
21.4 250 347.42 Angiospe
rm 
Ehlering















20 785 355.61 Angiospe
rm 
Ehlering




-25 -71 1 -22.75 -27.75 -7.7 15.40035
815 
22 965 363.73 Angiospe
rm 
Ehlering












22 90 363.73 Angiospe
rm 
Ehlering




-25 -71 3 -25.1 -30.1 -7.7 17.84798
441 
22 570 363.73 Angiospe
rm 
Ehlering




-26 -71 10 -23.2 -28.2 -7.7 15.86814
087 
22 400 363.73 Angiospe
rm 
Escuder





Spain 41.05 -5.875 1163 -26.81 -31.81 -8.06 19.26653
583 
10.1 1335 383.79 Mixed 
Escuder





Spain 41.05 -5.875 1099 -28.17 -33.17 -8.06 20.69291
954 
10.9 1178 383.79 Mixed 
Escuder





Spain 41.05 -5.875 241 -26.66 -31.66 -8.06 19.10945
815 
11.9 789 383.79 Mixed 
Escuder





Spain 41.05 -5.875 577 -28.29 -33.29 -8.06 20.81896
862 
11.9 800 383.79 Mixed 
Escuder





Spain 41.05 -5.875 416 -27.17 -32.17 -8.06 19.64371
987 
12 700 383.79 Mixed 
Escuder
o et al., 
San 
Pelayo de 
Spain 41.05 -5.875 585 -28.36 -33.36 -8.06 20.89251
163 










Spain 41.05 -5.875 400 -25.94 -30.94 -8.06 18.35615
876 
12.4 706 383.79 Mixed 
Escuder





Spain 41.05 -5.875 616 -27.46 -32.46 -8.06 19.94776
564 
12.6 708 383.79 Mixed 
Feranec, 
2007 
Gardiner USA 45 -110.5 500 -28.5 -33.5 -8.05 21.04992
28 









18.3 65.78 2000 -30 -35 -7.85 22.83505
155 










18.3 65.78 4000 -30.2 -35.2 -7.85 23.04598
886 























5.5 10.4 1850 -32 -37 -8.2 24.58677
686 








7.2 13.6 1450 -30.7 -35.7 -8.2 23.21262
767 








6.6 12.9 1740 -30.4 -35.4 -8.2 22.89603
96 










4.662 9.4034 2550 -31.5 -36.5 -8.2 24.05782
137 










5.03 9.83 2700 -30.1 -35.1 -8.2 22.57964
739 










8.3909 13.7089 1560 -30 -35 -8.2 22.47422
68 






10.4833 13.6 970 -28 -33 -8.2 20.37037
037 











11.0465 14.1408 540 -28.7 -33.7 -8.2 21.10573
458 











-29.75 -34.75 -7.7 22.72610
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15 317 385.6 Angiospe
rm 




































































































































































16 130 385.6 Angiospe
rm 




































































































































































16.3 157 385.6 Angiospe
rm 




















































































Golmud China 33 92 240 -25.4 -30.4 -7.98 17.87399
959 





Golmud China 33 92 255 -25.1 -30.1 -7.98 17.56077
546 





Golmud China 33 92 255 -25.3 -30.3 -7.98 17.76957
012 





Golmud China 33 92 285 -26.05 -31.05 -7.98 18.55331
383 





Golmud China 33 92 315 -24.9 -29.9 -7.98 17.35206
645 





Golmud China 33 92 320 -25.8 -30.8 -7.98 18.29193
184 





Golmud China 33 92 345 -26.25 -31.25 -7.98 18.76251
605 







Golmud China 33 92 355 -24.9 -29.9 -7.98 17.35206
645 





Golmud China 33 92 355 -24.95 -29.95 -7.98 17.40423
568 





Golmud China 33 92 360 -23.8 -28.8 -7.98 16.20569
555 





Golmud China 33 92 365 -25.7 -30.7 -7.98 18.18741
661 





Golmud China 33 92 365 -26.8 -31.8 -7.98 19.33826
552 





Golmud China 33 92 375 -25.35 -30.35 -7.98 17.82178
218 





Golmud China 33 92 382 -27.4 -32.4 -7.98 19.96709
85 





Golmud China 33 92 425 -24.7 -29.7 -7.98 17.14344
304 





Golmud China 33 92 425 -25.4 -30.4 -7.98 17.87399
959 





Golmud China 33 92 433 -25.2 -30.2 -7.98 17.66516
208 





Golmud China 33 92 438 -27 -32 -7.98 19.54779
034 





Golmud China 33 92 438 -27.9 -32.9 -7.98 20.49171
896 





Golmud China 33 92 442 -25.8 -30.8 -7.98 18.29193
184 
-5.077 4200 379.8 Angiospe
rm 









Golmud China 33 92 465 -26.2 -31.2 -7.98 18.71020
743 





Golmud China 33 92 465 -26.3 -31.3 -7.98 18.81483
003 





Golmud China 33 92 465 -28.5 -33.5 -7.98 21.12197
633 





Golmud China 33 92 475 -24.9 -29.9 -7.98 17.35206
645 





Golmud China 33 92 475 -25.55 -30.55 -7.98 18.03068
398 





Golmud China 33 92 480 -24.9 -29.9 -7.98 17.35206
645 






Japan 43 141.4 1130 -28.9 -33.9 -7.14 22.40757
903 







Israel 30.937 34.605 89 -24.65 -29.65 -8.16 16.90675
142 






Israel 31.02 34.782 98 -26.05 -31.05 -8.16 18.36849
941 






Kenya 31.768 35.118 605 -27.5 -32.5 -8.16 19.88688
946 






31.584 35.406 80 -26.55 -31.55 -8.16 18.89157
122 






31.583 35.403 82 -26.3 -31.3 -8.16 18.62996
816 






31.813 35.4 198 -26.25 -31.25 -8.16 18.57766
367 








31.831 35.349 314 -26.3 -31.3 -8.16 18.62996
816 






31.832 35.349 314 -26.3 -31.3 -8.16 18.62996
816 






31.825 35.325 356 -27.25 -32.25 -8.16 19.62477
512 






Israel 31.773 35.089 593 -27.1 -32.1 -8.16 19.46757
118 






Israel 31.823 35.087 706 -27.8 -32.8 -8.16 20.20160
461 




Kinneret Israel 32.655 35.424 503 -28.6 -33.6 -8.16 21.04179
535 






Israel 32.954 35.331 994 -26.65 -31.65 -8.16 18.99625
006 




Lachish Israel 31.611 34.927 375 -26.85 -31.85 -8.16 19.20567
23 






Israel 31.719 34.908 498 -27.1 -32.1 -8.16 19.46757
118 






Israel 30.504 34.608 77 -25.65 -30.65 -8.16 17.95042
849 






Israel 30.79 34.469 75 -25.9 -30.9 -8.16 18.21168
258 






Israel 31.076 34.836 133 -25.9 -30.9 -8.16 18.21168
258 






Israel 31.265 34.822 184 -26.45 -31.45 -8.16 18.78691
387 
20.16 339 387.43 Mixed 









n/a Israel 32.616 34.931 593 -27.1 -32.1 -8.16 19.46757
118 







Israel 32.73 35 697 -28.5 -33.5 -8.16 20.93669
583 
20.79 334 387.43 Mixed 
He et 
al., 2008 
Mengla China 21.6 101.5833
333 
1500 -28.5 -33.5 -8.14 20.95728
255 
21 900 383.79 Angiospe
rm 
Hemmin
g et al., 
2005 
Sodankylä Finland 67.4 26.7 500 -29.2 -34.2 -8.05 21.78615
575 
-1 180 377.52 Angiospe
rm 
Hemmin
g et al., 
2005 
Kangasala Finland 61.5 24.2 640 -26.67 -31.67 -8.05 19.13020
25 
3.5 170 377.52 Angiospe
rm 
Hemmin




Czechia 49.5 18.5 1100 -28.32 -33.32 -8.05 20.86077
721 
4.9 898 377.52 Angiospe
rm 
Hemmin
g et al., 
2005 
Tuscania Italy 42.4 11.9 1180 -27.6 -32.6 -8.05 20.10489
51 
6.3 1150 377.52 Angiospe
rm 
Hemmin
g et al., 
2005 
Lastebasse Italy 45.9 11.3 1150 -27.2 -32.2 -8.05 19.68544
408 
6.9 150 377.52 Angiospe
rm 
Hemmin




Germany 50.9 13.5 820 -26.89 -31.89 -8.05 19.36060
671 
7.7 380 377.52 Angiospe
rm 
Hemmin
g et al., 
2005 
Aberfeldy UK 56.6 -3.8 1200 -29.25 -34.25 -8.05 21.83878
445 
8 340 377.52 Angiospe
rm 
Hemmin




France 48.6 7.1 885 -28.6 -33.6 -8.05 21.15503
397 
9.2 300 377.52 Angiospe
rm 
Hemmin




52.1 5.6 786 -28.75 -33.75 -8.05 21.31274
131 
9.8 25 377.52 Angiospe
rm 
Hemmin
g et al., 
2005 
Brasschaat Belgium 51.3 4.5 750 -28.7 -33.7 -8.05 21.26016
679 





g et al., 
2005 
Mios France 44.7 -0.8 950 -28.67 -33.67 -8.05 21.22862
467 
13.5 60 377.52 Angiospe
rm 
Hemmin






Portugal 38.5 -8 920 -27.66 -32.66 -8.05 20.16784
252 
14.2 235 377.52 Angiospe
rm 
Hemmin




Italy 44.6 11.1 1000 -29.27 -34.27 -8.05 21.85983
744 
14.5 25 377.52 Angiospe
rm 
Hemmin




Israel 31.2 35 275 -23.17 -28.17 -8.05 15.47864
009 






Panama USA 8.97 -
79.38333
333 
1800 -28.7 -33.7 -7.82 21.49696
283 

























Otoyo Japan 33.8 133.7333
333 











France 45.05 5.67 1450 -29.1 -34.1 -8.05 21.68091
462 







France 44.07 5.83 736 -26.4 -31.4 -8.05 18.84757
601 














France 44.07 5.83 736 -28.4 -33.4 -8.05 20.94483
326 




Waldsee Germany 48 7.85 950 -29.1 -34.1 -8.05 21.68091
462 




Tannheim Germany 48 8.4 856 -29.5 -34.5 -8.05 22.10200
927 
8.4 750 379.8 Angiospe
rm 
Keitel et Tannheim Germany 48 8.4 856 -30.3 -35.3 -8.05 22.94524 8.4 750 379.8 Angiospe
45 
 
al., 2006 08 rm 
Keitel et 
al., 2006 
Bärenthal Germany 48.08 8.9 910 -29.3 -34.3 -8.05 21.89141
856 






Germany 51.22 10.45 700 -29.3 -34.3 -8.05 21.89141
856 




Ried Germany 48.3 11.1 800 -30.1 -35.1 -8.05 22.73430
251 




Gasseldorf Germany 49.8 11.2 903 -28.5 -33.5 -8.05 21.04992
28 
11.2 300 379.8 Angiospe
rm 
Kloeppe
l et al., 
1998 
Norilsk Russia 69.4 88.28333
333 
450 -26.3 -31.3 -7.9 18.89699
086 
-10.1 75 363.73 Gymnosp
erm 
Kloeppe












-2.5 213 363.73 Gymnosp
erm 
Kloeppe








-27.2 -32.2 -7.9 19.83963
816 
0.9 2000 363.73 Gymnosp
erm 
Kloeppe
l et al., 
1998 








2 556 363.73 Gymnosp
erm 
Kloeppe















3.1 200 363.73 Gymnosp
erm 
Kloeppe















4.1 1012 363.73 Gymnosp
erm 
Kloeppe
















4.4 482 363.73 Gymnosp
erm 
Kloeppe
l et al., 
1998 








4.9 706 363.73 Gymnosp
erm 
Kloeppe















5.2 72 363.73 Gymnosp
erm 
Kloeppe

















5.6 2000 363.73 Gymnosp
erm 
Kloeppe Missoula USA 46.85 - 740.12 - - -7.9 18.58068 6.1 1158 363.73 Gymnosp
46 
 










l et al., 
1998 











6.3 2130 363.73 Gymnosp
erm 
Kloeppe
l et al., 
1998 










8.2 1700 363.73 Gymnosp
erm 
Kloeppe
l et al., 
1998 








9.5 3500 363.73 Gymnosp
erm 
Kloeppe
l et al., 
1998 























1565 -29.94 -34.94 -7.89 22.73055
275 
25.9 100 371.14 Angiospe
rm 
Lockhea







































Gansu China 38.57 102.16 121.4 -26.28 -31.28 -8 18.84660
812 








Neimeng China 41.44 100.07 23.7 -23.8 -28.8 -8 16.18520
795 




Neimeng China 41.36 99.53 25.8 -23.92 -28.92 -8 16.31013
851 
-0.46583 1010 391.65 Angiospe
rm 
Ma et Neimeng China 41.47 100.24 28.7 -24.5775 -29.5775 -8 17 -0.46583 945 391.65 Angiospe
47 
 
al., 2012 rm 
Ma et 
al., 2012 














Neimeng China 41.26 99.43 33.4 -22.06 -27.06 -8 14.37716
015 




Neimeng China 42 101.44 33.9 -26.37 -31.37 -8 18.86753
695 




Neimeng China 41.57 100.55 37.3 -25.57 -30.57 -8 18.03105
405 




Neimeng China 42.54 102.43 40 -25.89 -30.89 -8 18.36548
234 
































Neimeng China 39.41 105.43 86.5 -25.88 -30.88 -8 18.35502
813 




Neimeng China 39.55 100.57 90.1 -23.97 -28.97 -8 16.36220
198 
















































































































































Shanxi China 36.05 113.21 552.7 -30.04 -35.04 -8 22.72258
65 









































2 -67 3500 -29.6 -34.6 -7.49 22.78441
88 







India 19.96 76.5 680 -29.1 -34.1 -8.2 21.52641
879 
23.8 800 393.85 Angiospe
rm 




























































































































































































































































































































































































N.A. Mexico 10.5 -105.05 748 -26.97 -31.97 -7.7 19.80411
704 









1018 -26.9 -31.9 -8.2 19.21693
557 











998 -29.3 -34.3 -8.2 21.73689
09 











998 -30.01 -35.01 -8.2 22.48476
788 











1103 -26.9 -31.9 -8.2 19.21693
557 











1103 -27.87 -32.87 -8.2 20.23391
933 











788 -28.52 -33.52 -8.2 20.91653
971 











788 -28.78 -33.78 -8.2 21.18984
37 











1014 -30.95 -35.95 -8.2 23.47660
079 











673 -29.04 -34.04 -8.2 21.46329
406 











673 -29.71 -34.71 -8.2 22.16863 12.8 250 385.6 Angiospe
rm 















315 -27.6 -32.6 -8.2 19.95063
76 











315 -27.8 -32.8 -8.2 20.16046
081 









345 -26.95 -31.95 -8.2 19.26930
785 









125.1943 235 -23 -28 -8.2 15.14841
351 









283 -23.08 -28.08 -8.2 15.23154
404 









283 -24.88 -29.88 -8.2 17.10558
7 











294 -25.66 -30.66 -8.2 17.91982
265 






















294 -28.55 -33.55 -8.2 20.94806
732 











366 -25.35 -30.35 -8.2 17.59606
012 











366 -27.72 -32.72 -8.2 20.07652
117 









124.0773 261 -24.68 -29.68 -8.2 16.89701
841 










366 -30.57 -35.57 -8.2 23.07541
545 











Australia -31.2846 119.8118 264 -28.9 -33.9 -8.2 21.31603
336 











230 -26.2 -31.2 -8.2 18.48428
835 







Australia -31.89 145.9653 375 -26.47 -31.47 -8.2 18.76675
603 







Australia -31.89 145.9653 375 -27.13 -32.13 -8.2 19.45789
263 




















122.3968 352 -25.55 -30.55 -8.2 17.80491
559 











352 -26.01 -31.01 -8.2 18.28560
868 











1135 -30.34 -35.34 -8.2 22.83274
55 











1135 -30.81 -35.81 -8.2 23.32875
907 











253 -28.95 -33.95 -8.2 21.36862
16 











503 -29.3 -34.3 -8.2 21.73689
09 











217 -24.62 -29.62 -8.2 16.83446
452 







122.3968 217 -27.43 -32.43 -8.2 19.77235
572 











506 -26.36 -31.36 -8.2 18.65165
77 











506 -27.19 -32.19 -8.2 19.52076
973 











506 -27.69 -32.69 -8.2 20.04504
736 











441 -27.41 -32.41 -8.2 19.75138
548 











281 -26.78 -31.78 -8.2 19.09126
405 









133.7315 184 -27.3 -32.3 -8.2 19.63606
456 







Australia -22.9942 133.5812 288 -28.22 -33.22 -8.2 20.60137
068 





Wiluna Australia -26.631 120.2099
8 
222 -28.63 -33.63 -8.2 21.03215
047 









114.5275 223 -23.74 -28.74 -8.2 15.91789
073 











209 -26.64 -31.64 -8.2 18.94468
645 









1539 -28.81 -33.81 -8.2 21.22138
819 









762 -28.02 -33.02 -8.2 20.39136
608 
































1760 -29.6 -34.6 -7.61 22.66075
845 









1980 -29.2 -34.2 -7.61 22.23939
019 









2220 -29.3 -34.3 -7.61 22.34469
97 































































Hardap Namibia -23.5 17 50 -26.2 -31.2 -7.43 19.27500
513 





Hardap Namibia -23.5 17 350 -26.7 -31.7 -7.43 19.79862
324 





Hardap Namibia -23.5 17 450 -26.8 -31.8 -7.43 19.90341
143 





Hardap Namibia -23.5 17 550 -26.8 -31.8 -7.43 19.90341
143 

















































































































































































































































1018.7 -28.81 -33.81 -8.07 21.35524
46 





Narrikup Australia -34.75 117.5058
333 
1017.5 -28 -33 -8.07 20.50411
523 







































































































275.6 -27.01 -32.01 -8.07 19.46577
046 











118.4725 1018.7 -28.485 -33.485 -8.07 21.01357
159 








115.5 662 -26.92 -31.92 -8.07 19.37148
025 









































































115.675 583.8 -27.3 -32.3 -8.07 19.76971
317 




Yushu China 34 93 42 -24.275 -29.275 -8.12 16.55691
921 

















Yushu China 34 93 120 -24.85 -29.85 -8.12 17.15633
492 




Yushu China 34 93 160 -25.375 -30.375 -8.12 17.70424
522 




Yushu China 34 93 180 -24.3 -29.3 -8.12 16.58296
608 




Yushu China 34 93 180 -24.675 -29.675 -8.12 16.97382
924 




Yushu China 34 93 200 -24.8 -29.8 -8.12 17.10418
376 




Yushu China 34 93 225 -24.6 -29.6 -8.12 16.89563
256 




Yushu China 34 93 250 -25.65 -30.65 -8.12 17.99148
15 




Yushu China 34 93 260 -25.2 -30.2 -8.12 17.52154
288 




Yushu China 34 93 275 -25.2375 -30.2375 -8.12 17.56068
786 




Yushu China 34 93 290 -25.7 -30.7 -8.12 18.04372
37 




Yushu China 34 93 350 -26.1 -31.1 -8.12 18.46185
44 




Yushu China 34 93 360 -25.3 -30.3 -8.12 17.62593
619 




Yushu China 34 93 380 -26.15 -31.15 -8.12 18.51414
489 




Yushu China 34 93 410 -25.45 -30.45 -8.12 17.78256
631 
















Yushu China 34 93 460 -26.275 -31.275 -8.12 18.64489
461 




Yushu China 34 93 475 -26.15 -31.15 -8.12 18.51414
489 




Yushu China 34 93 490 -25.85 -30.85 -8.12 18.20048
247 




Yushu China 34 93 550 -27.6 -32.6 -8.12 20.03290
827 






Yushu China 34 93 570 -25.8 -30.8 -8.12 18.14822
418 




Yushu China 34 93 660 -26.4 -31.4 -8.12 18.77567
79 
















Yushu China 34 93 780 -26 -31 -8.12 18.35728
953 




Yushu China 34 93 800 -26.6 -31.6 -8.12 18.98500
103 




Yushu China 34 93 850 -26.75 -31.75 -8.12 19.14204
983 




Yushu China 34 93 880 -26.4 -31.4 -8.12 18.77567
79 




Yushu China 34 93 960 -29 -34 -8.12 21.50360
453 




Yushu China 34 93 1275 -29.05 -34.05 -8.12 21.55620
784 




Yushu China 34 93 1520 -28.65 -33.65 -8.12 21.13553
302 




Yushu China 34 93 1730 -30.1 -35.1 -8.12 22.66213
012 




Yushu China 34 93 1820 -29.2 -34.2 -8.12 21.71405
027 




Yushu China 34 93 1860 -28.85 -33.85 -8.12 21.34582
711 




Yushu China 34 93 1930 -29.1 -34.1 -8.12 21.60881
656 




Yushu China 34 93 2000 -28.45 -33.45 -8.12 20.92532
551 




Yushu China 34 93 2130 -29.5 -34.5 -8.12 22.02988
15 




Yushu China 34 93 2260 -28.85 -33.85 -8.12 21.34582
711 




Yushu China 34 93 2330 -29 -34 -8.12 21.50360
453 




Yushu China 34 93 2410 -28.2 -33.2 -8.12 20.66268
78 
-3.521 4000 383.79 Angiospe
rm 














Australia -26.8 151.5 672 -28 -33 -7.84 20.74074
074 







Australia -28.3 153.2 1645 -31.2 -36.2 -7.84 24.11230
388 







Australia -27.7 152.4 836 -28.9 -33.9 -7.84 21.68674
699 








Australia -27.2 152.5 822 -27.2 -32.2 -7.84 19.90131
579 








Australia -26.9 152.9 1616 -29.3 -34.3 -7.84 22.10775
729 





Dundas Australia -27.3 152.7 1687 -30.6 -35.6 -7.84 23.47844
027 







Australia -27.8 153.1 1244 -28.9 -33.9 -7.84 21.68674
699 







Australia -27.5 152.8 882 -27.3 -32.3 -7.84 20.00616
84 







Australia -27.5 152.8 1246 -28.7 -33.7 -7.84 21.47637
187 







Australia -28.8 144.6 294 -26.6 -31.6 -7.84 19.27265
256 







Australia -24.5 145 450 -25.6 -30.6 -7.84 18.22660
099 








-25.6 27.2 650 -26.7 -31.7 -8.04 19.17188
945 





-22.41 21.71 407 -27.2 -32.2 -8.04 19.69572
368 
20.6 1082 375.8 Mixed 
Swap et Kruger South -25.17 31.27 650 -25.7 -30.7 -8.04 18.12583 22.4 580 375.8 Mixed 
62 
 





Namibia -19 16 340 -24.6 -29.6 -8.04 16.97765
019 
22.5 1100 375.8 Mixed 
Swap et 
al., 2004 













1015 375.8 Mixed 
Swap et 
al., 2004 









-27.75 21.42 230 -23.2 -28.2 -8.04 15.52006
552 





Namibia -22.02 19.17 410 -26.2 -31.2 -8.04 18.64859
314 
















Namibia -19.6 18.1 390 -26 -31 -8.04 18.43942
505 











-30.13 -35.13 -7.89 22.93090
827 






USA 43.5 -112.05 224 -26.6 -31.6 -7.62 19.49866
448 
















9.5 700 379.8 Angiospe
rm 
Valentin













2.1 1000 357.1 Mixed 
Valentin















3.8 1500 357.1 Mixed 
Valentin







860 -26.13 -31.13 -7.77 18.85261
893 




Utah USA 37.3731 109.5229 550 -24.9 -29.9 -8.05 17.28027
895 




Utah USA 37.3731 109.5229 550 -25 -30 -8.05 17.38461
538 






Utah USA 37.3731 109.5229 550 -25.1 -30.1 -8.05 17.48897
323 




Utah USA 37.3731 109.5229 550 -25.3 -30.3 -8.05 17.69775
315 





China 43.63 116.7 350 -26.4 -31.4 -7.8 19.10435
497 






China 36.55 101.52 380 -26.6 -31.6 -7.8 19.31374
563 




Sunan China 38.81 99.63 280 -25.9 -30.9 -7.8 18.58125
449 




Shenmu China 38.81 110.27 440 -28.1 -33.1 -7.8 20.88692
252 






China 39.75 109.95 380 -26.8 -31.8 -7.8 19.52322
236 






China 39.81 110.8 380 -27.2 -32.2 -7.8 19.94243
421 




Shandan China 38.16 101.38 180 -26.1 -31.1 -7.8 18.79043
023 






China 39.21 109.78 358 -27.3 -32.3 -7.8 20.04729
105 




Dingxi China 35.62 104.56 480 -27.6 -32.6 -7.8 20.36199
095 




Hequ China 39.42 111.21 494 -27.8 -32.8 -7.8 20.57189
879 




Lanzhou China 36 103.83 327 -26.4 -31.4 -7.8 19.10435
497 




Yuzhong China 35.94 104.09 380 -26.2 -31.2 -7.8 18.89505
032 






China 39.72 111.16 400 -26.7 -31.7 -7.8 19.41847
324 






China 38.5 105.6 150 -23 -28 -7.8 15.55783
009 




Baiyin China 36.55 104.1 194 -26.2 -31.2 -7.8 18.89505
032 




Yulin China 38.5 109.65 365 -27.3 -32.3 -7.8 20.04729
105 




Jingtai China 37.05 104.01 184 -23.5 -28.5 -7.8 16.07782
898 






Tongxin China 37 105.8 277 -27.9 -32.9 -7.8 20.67688
509 




Zhongwei China 37.45 104.63 186 -25.8 -30.8 -7.8 18.47669
883 




Yinchuan China 38.55 106.5 202 -26 -31 -7.8 18.68583
162 




Guyuan China 36 106.27 478 -26 -31 -7.8 18.68583
162 




Linxia China 35 103.2 501 -27.3 -32.3 -7.8 20.04729
105 




Pingliang China 35.55 106.67 511 -27.5 -32.5 -7.8 20.25706
941 




Ansai China 36.75 109.33 531 -26.7 -31.7 -7.8 19.41847
324 




XIfeng China 35.7 107.67 594 -27.7 -32.7 -7.8 20.46693
407 




Ziwuling China 36.1 108.7 600 -27.8 -32.8 -7.8 20.57189
879 




Changwu China 35.2 107.33 584 -27.4 -32.4 -7.8 20.15216
944 




Zhongning China 37.5 105.7 223 -26 -31 -7.8 18.68583
162 




Luochuan China 35.7 109.4 621 -27.8 -32.8 -7.8 20.57189
879 




Huangling China 35.6 109.25 631 -26.4 -31.4 -7.8 19.10435
497 




Fengxian China 33.98 106.5 613 -27.1 -32.1 -7.8 19.83759
893 




Gaochang China 42.9 89.5 150.6 -26.5 -31.5 -7.8 19.20903
955 




Ghanzi Africa -21.39 21.49 424 -25.9 -30.9 -8.2 18.17061
903 




Mongu Africa -15.26 23.15 879 -28.2 -33.2 -8.2 20.58036
633 






Africa -18.4 25.3 424 -27.1 -32.1 -8.2 19.42645
698 





Mongolia China 47.66 119.29 387.01 -26.1 -31.1 -8.5 18.07167
06 
-1.27 1450 377.52 Angiospe
rm 









Mongolia China 49.43 118.8 381.97 -26.2 -31.2 -8.5 18.17621
688 





Mongolia China 49.43 118.8 381.97 -26.4 -31.4 -8.5 18.38537
387 





Mongolia China 48.78 119.46 397.19 -26.2 -31.2 -8.5 18.17621
688 





Mongolia China 48.78 119.46 397.19 -26.7 -31.7 -8.5 18.69927
052 





Mongolia China 47.84 118.92 387.33 -26.4 -31.4 -8.5 18.38537
387 





Mongolia China 47.84 118.92 387.33 -27 -32 -8.5 19.01336
074 





Mongolia China 48.77 117.83 348.28 -25.3 -30.3 -8.5 17.23607
264 





Mongolia China 48.77 117.83 348.28 -26.5 -31.5 -8.5 18.48998
459 





Mongolia China 48.45 117.31 330.89 -25.8 -30.8 -8.5 17.75816
054 





Mongolia China 48.45 117.31 330.89 -26.9 -31.9 -8.5 18.90864
248 





Mongolia China 44.02 116.21 335.8 -24.6 -29.6 -8.5 16.50604
88 





Mongolia China 43.72 113.53 265.77 -23.9 -28.9 -8.5 15.77707
202 




Qingcheng China 36 108 240 -25.6 -30.6 -8.05 18.01108
374 








Qingcheng China 36 108 245 -26 -31 -8.05 18.42915
811 





Qingcheng China 36 108 280 -24.4 -29.4 -8.05 16.75891
759 





Qingcheng China 36 108 300 -26.8 -31.8 -8.05 19.26633
785 





Qingcheng China 36 108 340 -26.4 -31.4 -8.05 18.84757
601 





Qingcheng China 36 108 350 -25.9 -30.9 -8.05 18.32460
733 





Qingcheng China 36 108 370 -25.1 -30.1 -8.05 17.48897
323 





Qingcheng China 36 108 380 -25.9 -30.9 -8.05 18.32460
733 





Qingcheng China 36 108 385 -26.5 -31.5 -8.05 18.95223
421 





Qingcheng China 36 108 395 -25.6 -30.6 -8.05 18.01108
374 





Qingcheng China 36 108 410 -25.9 -30.9 -8.05 18.32460
733 





Qingcheng China 36 108 420 -26.7 -31.7 -8.05 19.16161
512 





Qingcheng China 36 108 430 -26.3 -31.3 -8.05 18.74293
93 





Qingcheng China 36 108 440 -26.7 -31.7 -8.05 19.16161
512 

















Qingcheng China 36 108 470 -26.9 -31.9 -8.05 19.37108
211 





Qingcheng China 36 108 480 -27.1 -32.1 -8.05 19.58063
521 





Qingcheng China 36 108 490 -27.1 -32.1 -8.05 19.58063
521 





Qingcheng China 36 108 505 -29 -34 -8.05 21.57569
516 





Qingcheng China 36 108 510 -26.8 -31.8 -8.05 19.26633
785 





Qingcheng China 36 108 515 -27.1 -32.1 -8.05 19.58063
521 





Qingcheng China 36 108 520 -27.1 -32.1 -8.05 19.58063
521 





Qingcheng China 36 108 525 -27.3 -32.3 -8.05 19.79027
449 





Qingcheng China 36 108 535 -27.6 -32.6 -8.05 20.10489
51 





Qingcheng China 36 108 540 -27.2 -32.2 -8.05 19.68544
408 





Qingcheng China 36 108 550 -27 -32 -8.05 19.47584
789 
10.28 1450 377.52 Angiospe
rm 














Qingcheng China 36 108 640 -26.2 -31.2 -8.05 18.63832
409 





Qingcheng China 36 108 650 -26.9 -31.9 -8.05 19.37108
211 





Qingcheng China 36 108 670 -27.2 -32.2 -8.05 19.68544
408 






China 33.45 91.03 320.51 -25.786 -30.786 -8.5 17.74353
479 






China 33.45 91.03 325.81 -26.29 -31.29 -8.5 18.27032
689 






China 33.45 91.03 325.18 -25.57 -30.57 -8.5 17.51793
356 






China 33.45 91.03 332.37 -25.794 -30.794 -8.5 17.75189
231 






China 33.45 91.03 332.56 -25.567 -30.567 -8.5 17.51480
091 






China 33.45 91.03 307.88 -25.17 -30.17 -8.5 17.10041
751 






China 33.45 91.03 346.19 -23.97 -28.97 -8.5 15.84992
265 






China 33.45 91.03 346.19 -25.479 -30.479 -8.5 17.42291
854 






China 33.45 91.03 350.16 -26.093 -31.093 -8.5 18.06435
317 






China 33.45 91.03 274.77 -26.329 -31.329 -8.5 18.31111
33 






China 33.45 91.03 361.42 -24.94 -29.94 -8.5 16.86050
089 






China 33.45 91.03 291.26 -24.677 -29.677 -8.5 16.58630
013 






China 33.45 91.03 291.26 -25.184 -30.184 -8.5 17.11502
478 








China 33.45 91.03 277.29 -24.77 -29.77 -8.5 16.68324
395 






China 33.45 91.03 405.87 -25.54 -30.54 -8.5 17.48660
797 






China 33.45 91.03 278.63 -25.164 -30.164 -8.5 17.09415
738 






China 33.45 91.03 363.9 -26.191 -31.191 -8.5 18.16680
684 






China 33.45 91.03 349.18 -25.618 -30.618 -8.5 17.56805
852 






China 33.45 91.03 352.64 -26.63 -31.63 -8.5 18.62601
066 






China 33.45 91.03 485.18 -25.72 -30.72 -8.5 17.67459
047 






China 33.45 91.03 336.79 -25.75 -30.75 -8.5 17.70592
764 






China 33.45 91.03 418.01 -25.633 -30.633 -8.5 17.58372
359 






China 33.45 91.03 293.47 -25.678 -30.678 -8.5 17.63072
167 






China 33.45 91.03 427.23 -24.98 -29.98 -8.5 16.90221
739 






China 33.45 91.03 375.33 -26.578 -31.578 -8.5 18.57159
588 






China 33.45 91.03 277.54 -24.354 -29.354 -8.5 16.24974
632 






China 33.45 91.03 495.89 -25.52 -30.52 -8.5 17.46572
531 






China 33.45 91.03 448.81 -25.55 -30.55 -8.5 17.49704
962 






China 33.45 91.03 371.12 -22.609 -27.609 -8.5 14.43536
926 






China 33.45 91.03 456.21 -25.77 -30.77 -8.5 17.72682
016 






China 33.45 91.03 475.17 -25.43 -30.43 -8.5 17.37176
396 






China 33.45 91.03 441.71 -24.05 -29.05 -8.5 15.93319
33 






China 33.45 91.03 573.56 -25.39 -30.39 -8.5 17.33000
893 








China 33.45 91.03 477.36 -25.28 -30.28 -8.5 17.21520
026 






China 33.45 91.03 417.84 -25.63 -30.63 -8.5 17.58059
054 






China 33.45 91.03 335.46 -26.07 -31.07 -8.5 18.04031
091 






China 33.45 91.03 323.8 -26.08 -31.08 -8.5 18.05076
392 






China 33.45 91.03 331.68 -26.854 -31.854 -8.5 18.86047
931 






China 33.45 91.03 322.52 -26.605 -31.605 -8.5 18.59984
898 






China 33.45 91.03 358.8 -25.886 -30.886 -8.5 17.84801
368 






China 33.45 91.03 437.5 -25.597 -30.597 -8.5 17.54612
824 






China 33.45 91.03 265.79 -25.502 -30.502 -8.5 17.44693
165 






China 33.45 91.03 404.91 -23.619 -28.619 -8.5 15.48473
393 






China 33.45 91.03 267.64 -25.7 -30.7 -8.5 17.65370
009 






China 33.45 91.03 245.88 -25.331 -30.331 -8.5 17.26842
651 






China 33.45 91.03 642.31 -24.85 -29.85 -8.5 16.76665
128 






China 33.45 91.03 642.31 -25.01 -30.01 -8.5 16.93350
701 






China 33.45 91.03 642.31 -25.09 -30.09 -8.5 17.01695
541 






China 33.45 91.03 642.31 -25.19 -30.19 -8.5 17.12128
517 






China 33.45 91.03 254.14 -25.279 -30.279 -8.5 17.21415
667 






China 33.45 91.03 307.39 -26.463 -31.463 -8.5 18.45127
612 






China 33.45 91.03 318.22 -25.37 -30.37 -8.5 17.30913
27 






China 33.45 91.03 228.65 -25.53 -30.53 -8.5 17.47616
653 








China 33.45 91.03 367.21 -26.424 -31.424 -8.5 18.41047
848 






China 33.45 91.03 650.53 -24.66 -29.66 -8.5 16.56858
121 






China 33.45 91.03 650.53 -25.05 -30.05 -8.5 16.97522
95 






China 33.45 91.03 650.53 -25.53 -30.53 -8.5 17.47616
653 






China 33.45 91.03 289.52 -25.673 -30.673 -8.5 17.62549
945 






China 33.45 91.03 659.21 -25.08 -30.08 -8.5 17.00652
361 






China 33.45 91.03 349.63 -26.338 -31.338 -8.5 18.32052
601 






China 33.45 91.03 351.23 -26.27 -31.27 -8.5 18.24941
205 






China 33.45 91.03 371.57 -24.619 -29.619 -8.5 16.52584
99 






China 33.45 91.03 380.18 -25.95 -30.95 -8.5 17.91489
143 






China 33.45 91.03 350.86 -26.02 -31.02 -8.5 17.98804
904 






China 33.45 91.03 329.06 -26.344 -31.344 -8.5 18.32680
125 






China 33.45 91.03 415.55 -23.22 -28.22 -8.5 15.06992
363 






China 33.45 91.03 434.91 -26.121 -31.121 -8.5 18.09362
354 






China 33.45 91.03 426.38 -23.914 -28.914 -8.5 15.79164
131 






China 33.45 91.03 472.94 -25.26 -30.26 -8.5 17.19432
874 






China 33.45 91.03 423.24 -24.843 -29.843 -8.5 16.75935
26 






China 33.45 91.03 526.79 -25.86 -30.86 -8.5 17.82084
711 






China 33.45 91.03 488.76 -23.85 -28.85 -8.5 15.72504
226 






China 33.45 91.03 456.29 -26.3 -31.3 -8.5 18.28078
464 








China 33.45 91.03 521.26 -25.283 -30.283 -8.5 17.21833
106 






China 33.45 91.03 524.91 -26.29 -31.29 -8.5 18.27032
689 






China 33.45 91.03 219.39 -25.011 -30.011 -8.5 16.93455
003 






China 33.45 91.03 214.98 -24.745 -29.745 -8.5 16.65718
197 






China 33.45 91.03 551.06 -26.33 -31.33 -8.5 18.31215
915 






China 33.45 91.03 693.67 -24.54 -29.54 -8.5 16.44352
408 






China 33.45 91.03 227.88 -25.05 -30.05 -8.5 16.97522
95 






China 33.45 91.03 230.44 -25.357 -30.357 -8.5 17.29556
361 






China 33.45 91.03 547.98 -25.71 -30.71 -8.5 17.66414
517 






China 33.45 91.03 548.68 -25.16 -30.16 -8.5 17.08998
4 
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Gilmou 0.014 Oregon USA 44.942 122.933 Collag -20.1 Mammut Both -25.1 - -6.78727 18.7842 302.4 
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Castano 0.021 Spain, Europ 43.075 2.2237 Collag -19.9 Rangifer Grazers -24.9 - -6.74909 18.6144 317.5
95 
 
s et al., 
2014 
Portugal e 6 en tarandus 29.9 0878 5 
Castano
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0.04 Burgos Spain 42.344 3.6969 tooth 
enamel 












































0.04 Burgos Spain 42.344 3.6969 tooth 
enamel 








0.04 Burgos Spain 42.344 3.6969 tooth 
enamel 




















0.04 Burgos Spain 42.344 3.6969 tooth 
enamel 















































































































































































Raghva 0.04 Taimyr Canan 76 105 Collag -21.3 Musk ox Grazers -26.3 - -6.67333 20.1567 308 
121 
 
n et al., 
2014 
da en 31.3 9367 
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Raghva 0.04 Taimyr Canan 76 105 Collag -20.7 Musk ox Grazers -25.7 - -6.67333 19.5285 308 
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n et al., 
2014 
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127 
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2014 
da en 30.3 5697 
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2014 
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Raghva













































































































































































































































































































































































































































































































































Pushkin 0.047 Germany Europ 51.192 7.07445 tooth - Stephanorhi Both - - -6.65055 22.9958 309.4 
133 
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2014 
e 726 5 enamel 14.9
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Grazers -26 -31 -6.641 19.8757
7002 
271.2 
Scherle 0.002 Switzerlan Europ 47.441 7.09631 tooth -12 Mammuthus Grazers -26 -31 -6.641 19.8757 271.2 
141 
 
r et al., 
2014 
d e 527 2 enamel primigenius 7002 
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Kuitem 0.29 Schoninge Germ 52.139 10.9662 Collag -23.2 Equus Grazers -28.2 - -6.4 22.4325 261.1
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s et al., 
2015 
n any 5 en mosbachensi
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155 
 
s et al., 
2009 
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